Introduction
============

Rabbit coccidiosis is a ubiquitous disease caused by one or more of 16 species of the apicomplexan genus *Eimeria stiedae*.[@b1-dddt-12-583]--[@b4-dddt-12-583] General clinical symptoms of the disease are characterized by dullness, reduced food consumption, diarrhea or constipation, liver enlargement, ascites, icterus, abdominal distention, and death.[@b3-dddt-12-583] Coccidiosis in rabbits can be prevented and treated using drugs.[@b1-dddt-12-583],[@b3-dddt-12-583],[@b5-dddt-12-583],[@b6-dddt-12-583] Toltrazuril (Tol), 1-\[3-methyl-4-(4-trifluoromethylsulfanyl-phenoxy)-phenyl\]-3-methyl-1,3,5-triazin-2,4,6-trione ([Figure 1](#f1-dddt-12-583){ref-type="fig"}), is a symmetrical triazinetrione compound that is widely used to prevent and combat coccidiosis.[@b7-dddt-12-583]--[@b10-dddt-12-583] However, due to poor aqueous solubility, Tol is difficult to be absorbed by the gastrointestinal (GI) tract. The clinical effects of Tol have been discounted because of its solubility in the GI tract.

The poor aqueous solubility of Tol has been overcome by some techniques, such as solid dispersion, ultrafine power, and nanoemulsion.[@b11-dddt-12-583]--[@b13-dddt-12-583] As the currently most effective techniques for increasing solubility, Tol solid dispersion only increased the solubility of Tol to 2,000 times,[@b11-dddt-12-583] which indicates that its solubility still needs to be enhanced significantly through other techniques. In addition, solid dispersion and nanoemulsion are unstable and inconvenient to store, while ultrafine power needs sophisticated equipment to produce.

β-cyclodextrin (β-CD) is in widespread use because of its unique cavity size, efficiency of drug complexation, and enhancements of drug stability, solubility, and bioavailability.[@b14-dddt-12-583],[@b15-dddt-12-583] For its regulatory status, β-CD is listed in numerous pharmacopoeia sources, including the US Pharmacopoeia/National Formulary, European Pharmacopoeia, and Japanese Pharmaceutical Codex.[@b16-dddt-12-583],[@b17-dddt-12-583] Hydroxypropyl--β-CD (HP-β-CD) is a hydroxyalkyl β-CD derivative that is studied extensively in drug inclusion complex because of its inclusion ability and high water solubility.[@b18-dddt-12-583]--[@b21-dddt-12-583] Toxicologic studies have reported on the safety of HP-β-CD in intravenous and oral administrations to the human body,[@b22-dddt-12-583] and HP-β-CD has been used in clinical formulations to overcome poor solubility issues and enhance bioavailability.[@b23-dddt-12-583]

Not all drugs have properties to be made into complex with HP-β-CD. Tol was found to possess the properties based on a large number of screening research work. To increase the solubility and bioavailability of Tol by inclusion complex formation with HP-β-CD, toltrazuril--hydroxypropyl--β-cyclodextrin inclusion complex (Tol-HP-β-CD) was prepared by solution-stirring method in this study, and thin-layer chromatography (TLC), Fourier transform infrared (FTIR) spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy were employed to characterize the obtained Tol-HP-β-CD. The pharmacokinetic profiles of Tol and Tol-HP-β-CD in rabbits after oral administration were further compared in vivo.

Methods
=======

Materials and reagents
----------------------

Tol (pharmaceutical grade) was obtained from Hubei Longxiang Pharmaceutical Co., Ltd. (Hubei, China). HP-β-CD (the average relative molecular mass of 1,390.18) was purchased from Xi'an Drake Biological Chemical Industry Co., Ltd. (Xi'an, China). All other reagents were of analytical grade.

New Zealand white rabbits (2.5±0.2 kg) were used for the pharmacokinetic study. All the animals were supplied by the Experimental Animal Center of Sichuan Agricultural University (Chengdu, China). Before the experiment, the animals were acclimatized at 25°C±2°C under natural light/dark conditions for 1 week with free access to food and water. Twelve hours before dosing, the animals were made to fast but were allowed free access to water. All experimental procedures were in accordance with the national standard of the Laboratory Animal-Requirements of Environment and Housing Facilities (GB 14925-2001) and approved by the Sichuan Agricultural University Institutional Animal Care and Use Committee.

Preparation of Tol-HP-β-CD
--------------------------

Solution-stirring method was employed to prepare the Tol-HP-β-CD. In brief, Tol and HP-β-CD (mole ratio of 1:3) were weighed and added to 20% (*ω*, v/v) aqueous acetonitrile. The pH of previous solution was adjusted to 9 using 2 M NaOH solution, and the mixture was stirred for 3 h at 50°C. The solution was adjusted to 7 by 2 M H~3~PO~4~ solution and then filtered through 0.45 μm membrane filters. The filtrate was concentrated using a rotary evaporator (Shanghai Yarong Biochemistry Instrument Factory, Shanghai, China) and further vacuum-dried at 50°C. According to our previous research,[@b24-dddt-12-583] the average yield is 86.45% and the prepared Tol-HP-β-CD was observed to have a highly enhanced solubility of 9.90 mg/mL compared with Tol.

Characterization
----------------

### Thin-layer chromatography

Specific amounts of Tol, HP-β-CD, their physical mixture, and inclusion complex were weighed and dispersed in chloroform to prepare the solutions. The same amounts of the physical mixture and inclusion complex were weighed and dissolved in water to prepare an aqueous solution. Appropriate aliquots were spotted in a 1 mm^2^ spot band located at 2 cm from the bottom of the TLC plate. Development was performed in a chamber tank and saturated with an appropriate eluent for a sufficient period at 25°C. A silica gel plate was used as a stationary phase and ethyl acetate-diethyl ether-petroleum ether (1:3:1, v/v) as a mobile phase. After drying, the TLC plate was observed under a UV lamp at 254 nm.

### FTIR spectrophotometry

The Tol-HP-β-CD was characterized by FTIR spectroscopy using Shimadzu FTIR-8400S (Shimadzu Corporation, Kyoto, Japan) for transmittance measurements of KBr pellets in the range of 4,000 cm^−1^--400 cm^−1^, with 4 cm^−1^ resolution and 64 scans.

### NMR spectroscopy

^1^H NMR analysis was performed on a UNITY INOVA400 NMR spectrometer (400 MHz, Varian, USA). Tol was dissolved in CDCl~3~ (Sigma-Aldrich Inc., St Louis, MO, USA), whereas HP-β-CD and the Tol-HP-β-CD were, respectively, dissolved in D~2~O (Sigma-Aldrich). They were scanned from 1 to 10 ppm using the following measurement conditions: 9.4 Tesla superconducting magnet and Probe-BBO 400 MHz with Z-gradient and 2H lock.

Pharmacokinetic experiments
---------------------------

### Experimental design and sample collection

Twelve healthy rabbits (70 days of age, half males and half females) were allowed to acclimate to the facility for 1 week. The rabbits were then weighed and randomly divided into two groups. One group received 10 mg/kg body weight (bw) Tol, whereas the other group received 10 mg/kg bw Tol-HP-β-CD (containing the equivalent doses of Tol). The preparation of Tol/Tol-HP-β-CD is described as follows: the weighted Tol was added to suitable amount of distilled water, and the solution was shaked strongly to form mixed suspension. The preparation of Tol-HP-β-CD solution was similar to that of Tol mixed suspension. Both groups were orally administered a single dose. Blood sample (1 mL) was collected from the ear vein in heparinized vacutainer tubes prior to treatment immediately before drug administration (baseline) and at 0.25, 0.5, 1, 2, 3, 4, 8, 12, 24, 36, 48, 72, 120, 168, and 240 h after drug administration. Blood samples were centrifuged at 1,788.8× *g* for 10 min within 1 h after sampling, and plasma was collected and stored at −70°C until analysis.

### Sample preparation

Tol was extracted from rabbit plasma using extraction with acetonitrile following Kim et al[@b4-dddt-12-583] with slight modifications. In brief, the samples were prepared by adding 200 μL of plasma to 300 μL of acetonitrile after unfreezing. The mixture was vortexed for 2 min and centrifuged at 12,000 rpm for 10 min. The supernatant was filtered through a 0.22 μm polytetrafluoroethylene syringe filter. A 20 μL aliquot was used in a high-performance liquid chromatography (HPLC) system for analysis.

### Chromatographic conditions

All samples were analyzed on a Shimadzu LC-2010CHT system (Shimadzu Corporation) with a UV detector. HPLC analysis was performed using a 5 μm C18-silica-based stainless-steel Kromasil column (4.6×250 mm; Akzo Nobel, Bohus, Sweden) as a stationary phase. The mobile phase consisted of 0.1% acetic acid aqueous solution and acetonitrile (45:55, v/v), which was ultrasonicated for 10 min and degassed for another 5 min. The flow rate was 1 mL/min at 25°C with the detection wavelength of 240 nm.

### Validation

A series of stock solutions of Tol standard were prepared, and each standard (20 μL) was mixed with drug-free plasma (180 μL) to prepare calibration curves ranging from 0.2 to 25.6 μg/mL. The slope of the lines between peak areas and drug concentration was determined using least-squares linear regression. Linearity was established to determine the relationship between Tol concentration and detector response. The detection limit of Tol was established with HPLC analysis of blank plasma fortified with the standard and eventually measured to be 0.05 μg/mL. The regression lines between peak areas and drug concentrations show that the correlation coefficient was 0.9996. The mean extraction recovery from plasma was 90.23%±0.73%. The average relative SDs of intraday and interday precision were 1.51% and 2.12%, respectively.

### Data analysis

DAS2.0 (Mathematical Pharmacology Professional Committee of China, Shanghai, China) was used to fit the plasma concentration--time curves obtained after single oral administration in each rabbit, and the pharmacokinetic parameters were calculated using the double-compartment method. The peak concentrations (*C*~max~) and time to peak occurrence (*T*~max~) were determined from the plotted concentration--time curve in each rabbit. The area under the concentration--time curve (AUC0-∞) was calculated using the trapezoidal rule.[@b25-dddt-12-583] Arithmetic mean values and SDs were calculated using Microsoft^®^ Excel 2007. All statistical evaluations were performed with SPSS for Windows version 19.0 (IBM Corporation, Armonk, NY, USA). Some pharmacokinetic parameters were log-transformed before statistical analysis. Statistical significance was set at *p*\<0.05. Pharmacokinetic variables are reported as mean ± SD.

Results and discussion
======================

Characterization of Tol-HP-β-CD
-------------------------------

### TLC analysis

TLC is a simple and effective method used for the characterization of inclusion complex. [Figure 2](#f2-dddt-12-583){ref-type="fig"} shows that the lipophilic analytes of Tol were well separated from the hydrophilic compounds of HP-β-CD. Tol of the chloroform solution ([Figure 2A](#f2-dddt-12-583){ref-type="fig"}), Tol-HP-β-CD of the aqueous solution ([Figure 2B](#f2-dddt-12-583){ref-type="fig"}), and physical mixture of the chloroform solution ([Figure 2E](#f2-dddt-12-583){ref-type="fig"}) showed a spot at the TLC plate with a similar Rf value (Rf =0.5), which were the characteristics of the TLC point of Tol. However, the thin-layer chromatogram of the Tol-HP-β-CD chloroform solution ([Figure 2C](#f2-dddt-12-583){ref-type="fig"}), HP-β-CD chloroform solution ([Figure 2D](#f2-dddt-12-583){ref-type="fig"}), and HP-β-CD aqueous solution ([Figure 2F](#f2-dddt-12-583){ref-type="fig"}) did not show the characteristics of the TLC point of Tol at the same place. This result was attributed to the fact that Tol can be dissolved in chloroform, Tol-HP-β-CD can be dissolved in water, but HP-β-CD cannot be dissolved in chloroform. Similarly, Tol embedded in the HP-β-CD cavity to form the Tol-HP-β-CD could not be dissolved in chloroform. Thus, [Figure 2](#f2-dddt-12-583){ref-type="fig"} displays the characteristics of the TLC point of Tol. Simultaneously, HP-β-CD did not interfere with the characteristics of the TLC point of Tol, which proved the formation of the Tol-HP-β-CD.

### FTIR analysis

The FTIR spectra of Tol, HP-β-CD, the physical mixture, and Tol-HP-β-CD are shown in [Figure 3](#f3-dddt-12-583){ref-type="fig"}. Tol crystals ([Figure 3A](#f3-dddt-12-583){ref-type="fig"}) showed a sharp N−H stretch band at 3,340 cm^−1^, C−F band at 1,395 cm^−1^, and C=O stretch bands from 1,670 to 1,790 cm^−1^. The three characteristic peaks of Tol were found in the FTIR spectra of the physical mixture ([Figure 3C](#f3-dddt-12-583){ref-type="fig"}). The FTIR spectrum of Tol-HP-β-CD ([Figure 3D](#f3-dddt-12-583){ref-type="fig"}) was almost identical to that of HP-β-CD ([Figure 3B](#f3-dddt-12-583){ref-type="fig"}) alone. In particular, the C−F (1,395 cm^−1^) stretch band of the drug completely disappeared in Tol-HP-β-CD spectrum, while it was slightly visible in the physical mixture spectrum. It was predicted that the disappearance of the bands in the Tol-HP-β-CD was dependent on the drug embedded into the HP-β-CD cavity.

### ^1^H NMR analysis

NMR spectroscopy is a powerful tool to study the formation of inclusion complex between cyclodextrin and various guest molecules because the chemical and electronic environments of protons are affected during complexation and reflected through changes in the *δ* values.[@b26-dddt-12-583] In this study, we performed docking studies of Tol in the HP-β-CD cavity ([Figure 4](#f4-dddt-12-583){ref-type="fig"}). H-3 and H-5 protons of HP-β-CD were positioned inside the cavity, where H-3 was located closer to the wider rim, and H-5 was on the opposite side. After complex formation, *δ* of H-3 protons shifted to −0.132 ppm, which may be attributed to the formation of some weak bonds between Tol and HP-β-CD molecules. The upfield shifts occurred because of the anisotropic magnetic effect induced by the presence of the aromatic group of the guest molecule.[@b27-dddt-12-583] The benzene ring in Tol structure was suggested to be included in the HP-β-CD cavity. H-3 protons shifted upfield most significantly, indicating that Tol was inserted into the HP-β-CD cavity from the wider rim. The NMR spectra after inclusion complexation with Tol showed *δ*values of 7.842 (d, 2H, Ar--H), 7.397 (s, H, Ar--H), 7.289 (m, 3H, Ar--H), 7.187 (d, H, Ar--H), 3.348 (s, 3H, =N−CH3), and 2.315 ppm (s, 3H, Ar--CH3) for Tol. These results indicated that Tol should be included in the HP-β-CD cavity without any chemical modification.[@b28-dddt-12-583] Particularly, H protons in group =N−CH3 shifted mildly while some of the H protons in the benzene ring attached to the sulfur atom shifted to 0.288 ppm significantly. Based on the aforementioned analysis, inclusion complex geometry was proposed for Tol-HP-β-CD ([Figure 5](#f5-dddt-12-583){ref-type="fig"}).

Pharmacokinetic applications
----------------------------

The pharmacokinetic parameters of Tol were assessed by fitting a double-compartment model to the individual concentration--time data for plasma. The semilogarithmic plots of plasma concentration--time profiles obtained in rabbits following single oral administration of Tol and Tol-HP-β-CD at a dose of 10 mg/kg bw over a 10-day period are shown in [Figure 6](#f6-dddt-12-583){ref-type="fig"}. The pharmacokinetic parameters (mean ± SD) are presented in [Table 1](#t1-dddt-12-583){ref-type="table"}. After oral administration, *C*~max~ of Tol and Tol-HP-β-CD in plasma of rabbits calculated in this study were 8.02 (at 24.0 h) and 19.92 μg/mL (at 12.0 h), respectively. After reaching the peak values, a more rapid decline in the concentration--time curve in the Tol-HP-β-CD group was observed than that in the Tol group. The AUC0-∞ of Tol-HP-β-CD (1,181.4 mg/L h) was 2.48-fold higher (*p*,0.01) than that of Tol (474.94 mg/L h). In the Tol-HP-β-CD group, *C*~max~ (19.92±1.02 μg/mL) was extremely higher (*p*,0.01) and the absorption half-life (*t1/2ab*; 20.82±2.62 h) was shorter (*p*,0.01) than those in the Tol group (*C*~max~ =8.02±1.04 μg/mL, *t1/2ab* =33.30±4.26 h). However, the mean residence time (MRT) was similar in both groups (51.26±4.83 h vs 52.18±7.42 h; *p*.0.05). The differences in *C*~max~, *T*~max~, AUC0-∞, and *t1/2ab* were generally significant, and no statistical difference was observed for MRT. Generally, inclusion complex has a sustained release effect on the drug release. Especially in the later stages, drug release is slower than it was initially as the amount of drug is reduced and HP-β-CD molecules are relatively abundant. Therefore, after Tol-HP-β-CD was orally administered, the pharmacokinetic parameters such as *C*~max~, *T*~max~, and AUC0-∞ were all significantly different from those of Tol. However, MRT of Tol-HP-β-CD did not show a significant decrease relative to Tol. The pharmacokinetics of Tol alone has been previously studied in most animal species[@b29-dddt-12-583]--[@b33-dddt-12-583] including rabbits. In this study, the pharmacokinetics of Tol after oral administration of Tol or Tol-HP-β-CD in both groups was best described by a double-compartment model, which was similar to previous findings.[@b4-dddt-12-583],[@b34-dddt-12-583] The absorption of chemicals from the GI tract depends on the physiochemical properties of compounds, such as lipid solubility and dissociation rate. Although an increase in lipid solubility generally increases the absorption of chemicals, extremely lipid-soluble chemicals may have poor oral bioavailability because highly lipophilic molecules can become stuck in the lipid portion of the plasma membrane,[@b35-dddt-12-583] whereas highly lipophilic compounds are more difficult to dissolve in GI fluids.[@b36-dddt-12-583] Different pharmacokinetic values between Tol-free drug and Tol-HP-β-CD might be explained by prior processes before absorption, mainly, binding to plasma membrane and poor solubility in GI fluids. Therefore, solubility was the key factor affecting Tol absorption and bioavailability. After the inclusion of Tol into HP-β-CD, the solubility of Tol was significantly increased by its improved hydrophilicity. In our previous research, solubility of Tol was enhanced by more than 24,000 times, from 4.12×10^−4^ to 9.90 mg/mL, after forming Tol-HP-β-CD, significantly higher than Tol solid dispersions of 2,000 times.[@b11-dddt-12-583] In addition, HP-β-CD can also reduce the viscosity of intestinal mucus layer and include mucosal tissue components such as cholesterol and phospholipids, thereby changing the lipid barrier of the absorption site to promote drug absorption.[@b37-dddt-12-583] So, once the Tol-HP-β-CD passed by the GI tract, high Tol concentration might contribute to faster absorption of Tol. Significant solubility enhancement might be responsible for the high *C*~max~ and AUC0-∞ value of Tol-HP-β-CD than those of the free Tol, indicating a better absorption of Tol entrapped in HP-β-CD in the GI tract. Thus, the pharmaceutical properties of absorption and bioavailability of Tol could be partially improved by complexation with HP-β-CD.

Conclusion
==========

In this study, the Tol-HP-β-CD was successfully prepared for the enhancement of aqueous solubility of Tol. TLC, FTIR spectra, and ^1^H NMR spectroscopy were applied to characterize the formation of Tol-HP-β-CD. After single oral administration of Tol and Tol-HP-β-CD in rabbits, the pharmacokinetic profile illustrated that Tol-HP-β-CD exhibited a better oral bioavailability than free Tol, indicating that HP-β-CD could enhance the solubility, absorption, and bioavailability of Tol. Taken the shortage of Tol for clinical application, as well as the easy and environment-friendly preparation of Tol-HP-β-CD into consideration, the prepared inclusion complex should be a promising and available formulation design for Tol.

**Disclosure**

The authors report no conflicts of interest in this work.

![Chemical structure of toltrazuril.](dddt-12-583Fig1){#f1-dddt-12-583}

![Thin-layer chromatogram.\
**Note:** (**A**) Tol of chloroform solution; (**B**) Tol-HP-β-CD of aqueous solution; (**C**) Tol-HP-β-CD of chloroform solution; (**D**) HP-β-CD of chloroform solution; (**E**) physical mixture of chloroform solution; and (**F**) HP-β-CD of the aqueous solution.\
**Abbreviations:** HP-β-CD, hydroxypropyl-β-cyclodextrin; Tol, toltrazuril; Tol-HP-β-CD, toltrazuril--hydroxypropyl--β-cyclodextrin inclusion complex.](dddt-12-583Fig2){#f2-dddt-12-583}

![FTIR spectra of (**A**) Tol, (**B**) HP-β-CD, (**C**) Tol and HP-β-CD physical mixture (1:3 molar ratio), and (**D**) Tol-HP-β-CD. The red arrows indicate the three characteristic peaks of Tol.\
**Abbreviations:** FTIR, Fourier transform infrared; HP-β-CD, hydroxypropyl-β-cyclodextrin; Tol, toltrazuril; Tol-HP-β-CD, toltrazuril--hydroxypropyl--β-cyclodextrin inclusion complex.](dddt-12-583Fig3){#f3-dddt-12-583}

![^1^H NMR spectrum of (**A**) HP-β-CD, (**B**) Tol, and (**C**) Tol-HP-β-CD.\
**Abbreviations:** NMR, nuclear magnetic resonance; HP-β-CD, hydroxypropyl-β-cyclodextrin; Tol, toltrazuril; Tol-HP-β-CD, toltrazuril--hydroxypropyl--β-cyclodextrin inclusion complex.](dddt-12-583Fig4){#f4-dddt-12-583}

![The proposed inclusion complex geometry of Tol-HP-β-CD.\
**Abbreviation:** Tol-HP-β-CD, toltrazuril--hydroxypropyl--β-cyclodextrin inclusion complex.](dddt-12-583Fig5){#f5-dddt-12-583}

![Plasma concentration--time curves of Tol after oral administration of Tol or Tol-HP-β-CD at 10 mg/kg (n=6).\
**Abbreviations:** Tol, toltrazuril; Tol-HP-β-CD, toltrazuril--hydroxypropyl--β-cyclo-dextrin inclusion complex.](dddt-12-583Fig6){#f6-dddt-12-583}

###### 

Pharmacokinetic parameters (mean ± SD) of Tol after a single oral administration of Tol or Tol-HP-β-CD inclusion complex at a dose of 10 mg/kg bw in rabbits (n=6)

  Parameter          Tol group      Tol-HP-β-CD group
  ------------------ -------------- --------------------------------------------------------------
  *C*~max~ (μg/mL)   8.02±1.04      19.92±1.02[\*\*](#tfn2-dddt-12-583){ref-type="table-fn"}
  *T*~max~ (h)       24.00          12.00[\*\*](#tfn2-dddt-12-583){ref-type="table-fn"}
  AUC (mg/L h)       514.03±66.65   1,176.86±70.26[\*\*](#tfn2-dddt-12-583){ref-type="table-fn"}
  MRT (h)            51.26±4.83     52.18±7.42
  *t1/2~α~* (h)      33.30±4.26     20.82±2.62[\*](#tfn1-dddt-12-583){ref-type="table-fn"}

**Notes:**

*p*\<0.05 indicates a significant difference between the Tol group and the Tol-HP-β-CD group.

*p*\<0.01 indicates an extremely significant difference between the Tol group and the Tol-HP-β-CD group.

**Abbreviations:** AUC, area under the curve from zero to infinity by the trapezoidal integral; bw, body weight; *C*~max~, maximum plasma concentration; MRT, mean residence time; *t1/2~α~*, absorption half-life; *T*~max~, time to peak concentration; Tol, toltrazuril; Tol-HP-β-CD, toltrazuril--hydroxypropyl--β-cyclodextrin inclusion complex.
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